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SUMMARY 
An experimental and analytical study of the heat transfer char-
acteristics of an isothermal circular cylinder exposed to a saturated 
air stream with entrained water droplets was undertaken. The effects 
of the air free stream Reynolds number and the water-air mass flow rate 
ratio on the local and overall Nusselt numbers were studied. This study 
included only the situation where sensible heating of the liquid film 
was significant. 
A two-component (air-water) flow closed loop wind tunnel, a water 
spray system, an̂  internally heated cylinder, and temperature and power 
measuring equipment were designed, constructed, assembled, and calibrated. 
A vertical test section area was provided with a three-inch diameter brass 
test cylinder mounted horizontally. 
The integral forms of the continuity, momentum, and energy equa-
tions were developed and solved for a simplified analytical model of the 
liquid film on the upstream side of the cylinder. It was assumed that 
the gas and liquid droplets had the same temperature and velocity up-
stream of the cylinder. It was also assumed that the liquid droplets 
were captured by the liquid film with no "splashing" and formed a laminar 
boundary layer. Linear velocity and temperature profiles were assumed 
for the liquid boundary layer. Only sensible heating of the liquid film 
was considered significant while convective and evaporative heat transfer 
of the liquid film were considered negligible. 
Experimental tests were performed for air free stream Reynolds 
X 
numbers of 30,000, 75?000, and 118,000, and water-air mass flow rate 
ratios varying from 0.012 to 0.13. The analytical results agreed favor-
ably with the experimental results. Both the experimental and analytical 
results showed that the addition of water droplets to the air stream 
greatly increased the heat transfer from the cylinder over that which 
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In recent years, an increasing emphasis has been placed on methods 
to increase the heat transfer from a body to a cooling medium. Several 
directions have been pursued, including ablation cooling, transpiration 
cooling, and film cooling. In film cooling, ejection of a gas or a 
liquid through slots in the walls of the body is the usual method. 
Another method of film cooling is to spray liquid droplets into a gas 
stream flowing past the body. Under certain conditions, a continuous 
liquid film is formed on the body and the heat transfer from the exter-
nally wetted surface of the body is greatly increased over that obtained 
from only a gas stream. In particular, the problem of external heat 
transfer from an isothermal cylinder exposed to a two-component mixture, 
consisting of water droplets borne by a saturated air stream, is studied. 
Survey of Previous Investigations 
At present, only a limited number of references concerning the 
study of heat transfer from a cylinder exposed to a two-component cross-
flow have been published. 
An analytical and experimental study of a heated, vertical cylinder 
exposed to a two-component (air-water) crossflow was recently presented by 
Acrivos, et al. (l). Four different analytical models of droplet behavior 
upon contact with the cylinder surface were presented. In the first 
2 
model, the liquid droplets impinging on the heated cylinder were assumed 
to vaporize instantly upon contact with the cylinder. In the next two 
models, a liquid film was assumed to form on the cylinder. In one case, 
the liquid was assumed to evaporate from the cylinder; in the other case, 
the liquid absorbed energy from the cylinder as sensible heat with no 
evaporation. In the fourth model, the liquid droplets bounced off the 
cylinder after impingement. The experimental analysis indicated that 
only under extreme situations did conditions corresponding to the first 
model exist. Under ordinary conditions, a liquid film covered the cy-
linder surface. The fourth model was not evaluated due to its complex-
ity. Therefore, most of the data corresponded to the second and third 
models. Experimental tests were reported at air free stream Reynolds 
numbers of ^3,000 and 80,000 and water mass flow rates of O.OlU and O.083 
lbm/sec. The overall heat transfer coefficients in two-component flow 
were from 2.5 to 9.0 times greater than in one-component (air) flow. A 
non-uniform water spray distribution onto the test cylinder resulted in 
non-symmetric heat transfer around the cylinder. Spray water splashing 
and dripping was reported on the downstream side of the cylinder. In 
determining the heat transfer coefficient, the temperature difference 
between the cylinder surface and the water droplets before they were 
sprayed into the air stream was used. 
A report by Hoelscher (2) has been presented, basically verifying 
the report by Acrivos. This report was an experimental investigation to 
determine the effects of the water-air mass flow rate ratio on the local 
and overall heat transfer coefficients for a given air free stream Rey-
nolds number. An air free stream Reynolds number of 118,000 and water-air 
3 
mass flow rate ratios varying from 0.016 to 0.053 were considered. The 
report indicated that heat transfer occurred almost entirely on the up-
stream side of the cylinder, with an increase in the overall heat trans-
fer coefficient as the water-air mass flow rate ratio increased. The 
investigation reported a negative heat transfer coefficient on the down-
stream side of the cylinder, apparently caused by heat conduction from 
the upstream side of the cylinder through the insulated sections. Hoel-
scher referenced the temperature difference between the cylinder surface 
and the air temperature before water was injected into the air stream. 
An extension of Hoelscher's experimental work was reported by 
Takahara (3). The effects of the water-air mass flow rate ratio and the 
air free stream Reynolds number on the local and overall heat transfer 
coefficients around a vertical cylinder in two-component (air-water) flow 
were studied. Takahara reported data at air free stream Reynolds numbers 
of kQ,000, 77,000, and 110,000 with water-air mass flow rate ratios vary-
ing from 0.028 to O.O58. It was found that the overall heat transfer 
coefficient increased as the water-air mass flow rate ratio increased. 
Likewise, as the Reynolds number increased, the overall heat transfer 
coefficient increased. Takahara reported identical air and water droplet 
temperatures and used this temperature and the cylinder surface tempera-
ture as the temperature difference in determining the film heat transfer 
coefficients. 
Smith (h) recently presented an analytical and experimental study 
of a heated, horizontal cylinder exposed to a two-component (air-water) 
flow. An analytical study of the heat transfer characteristics on the 
upstream side of the cylinder was performed for a simplified model. In 
h 
the model. Smith assumed incompressible air, no "splashing" of the liquid 
film, uniform mixture of the water droplets in the air stream, and a 
laminar boundary layer of the liquid film on the upstream side of the 
cylinder. The integral forms of the continuity, momentum, and energy 
equations were used to analyze the liquid film. Second order velocity 
and temperature profiles were assumed, but later were reduced to first 
order profiles. An expression for the local heat transfer coefficient 
as a function of known parameters was determined. Experimental data were 
reported at air free stream Reynolds numbers of 60,000 and 120,000 with 
water-air mass flow rate ratios varying from 0.0l6 to 0.088 and from 
0.015 to 0.0̂ -1, respectively. The analytical results agreed favorably 
with the experimental results. The cylinder temperature and the water 
droplet temperature were used in determining the temperature difference 
for the experimental heat transfer coefficients. 
An analytical study published by Tifford (5) investigated the ex-
ternal heat transfer from a two-dimensional model exposed to a two-compo-
nent flow. Tifford assumed laminar and incompressible flow, no pressure 
gradients, and no gravitational effects. He further assumed linear 
temperature and velocity profiles in the liquid film. The theoretical 
results were not verified with experimental results. 
Goldstein, et al. (6) presented an analytical study of heat trans-
fer and frictional effects of external two-component (gas-liquid) flow 
over a cylinder. He assumed uniform distribution of liquid droplets in 
the air stream, laminar and incompressible flow, and no gravitational 
effects. Evaporation of the liquid film was not considered. Waves and 
splashing by the liquid droplets in the liquid film on the cylinder sur-
5 
face were neglected. Solutions were obtained in power series for the 
velocity and temperature profiles and for the Nusselt number. These re-
sults compared favorably with the experimental results of Acrivos. Gold-
stein assumed that the air and water spray were at the same temperature, 
while Acrivos r measurements indicated the air and spray water temperatures 
were different. 
Purpose of Research 
Experimental studies of external heat transfer from a heated cy-
linder exposed to two-component (air-water) crossflow are limited and 
conflicting. Neither Hoelscher (2) nor Acrivos (l) reported reliable 
data on the downstream side of the cylinder. Hoelscher (2) reported 
heat conduction inside the test cylinder resulting in negative heat trans-
fer coefficients on the downstream side of the cylinder. Since the heat 
transfer coefficients reported by Acrivos (l), Hoelscher (2), and Taka-
hara (3) were higher than the maximum possible sensible heating of the 
liquid film, evaporation of the liquid film must have occurred. Acrivos 
(l), Hoelscher (2), Takahara (3) , and Smith (h) reported no data with the 
air saturated prior to the injection of the water spray droplets. 
Therefore, it was the intention of this investigation to determine 
experimentally the local and overall Nusselt numbers for an isothermal 
cylinder exposed to two-component (air-water) crossflow. The effects 
of the air free stream Reynolds number and the water-air mass flow rate 
ratio on the Nusselt numbers were studied. This study included only the 
situation with a non-evaporating film on the cylinder surface exposed to 
saturated air with entrained water droplets. Air free stream Reynolds 
6 
numbers of 30,000, 755000, and 118,000 and water-air mass flow rate 
ratios varying from 0.012 to 0.13 were considered. 
7 
CHAPTER II 
EQUIPMENT AND INSTRUMENTATION 
A test facility was constructed to study the local and overall heat 
transfer characteristics of an isothermal cylinder exposed to two-component 
(air-water) crossflow. The apparatus consisted of a two-component flow 
closed loop wind tunnel, an internally heated circular cylinder, a water 
spray system, and temperature and power measuring equipment. 
Governing Equation 
The equation used to determine the local Nusselt numbers across 
the water and air boundary layers from the experimental data was 
Nv 9 k A (T - T ) W S S co7 
where 
h D 
NUD- = l o c a l Nusse l t number, . w a J k 
w 
D = cylinder diameter 
Q, = power output by a cartridge heater 
k = thermal conductivity of the water 
w 
A = l/l2 of the total surface area of the test section 
s ' 
T = local cylinder surface temperature 
T = free stream reference temperature 
00 
In the experiments, the water spray temperature and the air wind tunnel 
dry bulb temperature were approximately identical. The water spray 
8 
temperature was used as the free stream reference temperature. The air 
in the wind tunnel was saturated during the heat transfer experiments. 
The cylinder surface was maintained isothermally by adjustments of the 
power input to the heaters. The overall Nusselt number was determined 
from the local Nusselt numbers. 
Equipment 
Wind Tunnel 
A closed loop wind tunnel was designed, constructed, and calibrated 
to produce two-component (air-water) flow in the vertical test section 
area (Figure l). Air velocities in the test section area, ranging from 
15 to 100 feet per second, were obtained by using a 6000 cfm industrial 
fan (American-Standard Industrial Division) driven by a 15 horsepower 
electric motor. The air velocity was controlled by a damper located on 
the exhaust side of the fan. The wind tunnel air was saturated (90 to 98 
per cent relative humidity) during the experiments. The wind tunnel was 
constructed in units of l/k and l/2-inch thick Marine Grade "A-A" plywood 
and bolted together with aluminum flanges. The plywood was treated with 
a wood sealer and a Poly-urethane varnish, which resulted in a very smooth 
protective finish on the inside walls of the wind' tunnel. 
The wind tunnel will be divided into four areas for further dis-
cussion. 
Test Section Area. The test section area, with a 12-inch by 12-
inch cross-section, was designed vertically, instead of horizontally, to 
minimize the effects of gravity on the water spray droplets. Acrivos (l) 
reported that while using a horizontal test area,the water droplets began 
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AIR WET & DRY BULB 
THERMOCOUPLES 
PLENUM CHAMBER 
Figure 1. General Arrangement of Two-Component 
(Air-Water) Flow Wind Tunnel. 
10 
to fall out of the air stream at air velocities below 50 feet per second. 
Also, water running off other sections of the test cylinder onto the test 
section could be minimized. The walls were made of clear Plexiglas so 
visual observations could be made during tests. The cylinder test sec-
tion was mounted horizontally through the Plexiglas walls. The pitot-
static probe and the spray droplet distribution apparatus were located in 
this area, upstream of the cylinder. 
Water Spray Removal Section. Downstream of the test section area, 
a water spray removal system was installed to recapture the water spray. 
This allowed the same water spray to be recycled, thus lowering the heat 
load necessary to maintain a desired temperature for the water spray. 
The water droplets were thrown out of the air stream and onto the walls 
by means of an 18-inch by l8-inch ninety degree elbow. Four l-|--inch by 
l-|--inch aluminum angles were mounted on the walls, one on each wall, and 
-̂-inch slots were cut on the upstream side of the angles. As the water 
ran down the wind tunnel walls, the angles trapped the water and channeled 
it to the drain. A drain was provided to return the water to the water 
spray reservoir. It was necessary to install an air vent to prevent the 
water in the reservoir from being pulled back through the drain into the 
wind tunnel. The fan and damper were located between the water spray re-
moval section and the air cooling chamber. 
Air Cooling Chamber. A vertical chamber, 36-inches by 36-inches in 
cross-section, was provided on the outlet side of the fan. In this low 
velocity chamber, a direct air-water counterflow cooling system was in-
stalled. By using tap water and two high capacity nozzles, sufficient 
cooling capacity was provided to control the air temperature. Across the 
11 
top of the chamber was placed a 16 x 18 gage aluminum screen which pro-
vided a method to separate the large water droplets from the air stream. 
Next, a one-inch thick demister (a device to separate liquid droplets 
from a gas stream) was installed to collect most of the remaining water 
droplets borne by the air stream. An elbow section was provided to con-
nect the air cooling chamber with the plenum chamber. In this elbow sec-
tion, the air dry and wet bulb temperatures were determined. 
Plenum Chamber. A vertical chamber, UU-inches by UU-inches in 
cross-section, was provided to stabilize the air before it entered the 
test section area. Aluminum straighteners and two 16 x 18 gage aluminum 
screens were installed across the chamber to dampen out pressure gradients 
and reduce velocity fluctuations in the air flow. The nozzle was mounted 
below the screens to provide the water spray for the two-component flow. 
An aluminum converging nozzle was provided to connect the plenum chamber 
with the test section area. 
Water Spray System 
A water spray system was designed and installed to provide the 
necessary spray distribution in the test section area (Figure 2). The 
spray nozzle was installed in the plenum chamber, below the screens and 
53-inches above the test cylinder. The nozzle was located in the plenum 
chamber to insure better water droplet distribution as reported by Brun 
(7). An SQ-10 nozzle, furnished by the Delavan Manufacturing Company, was 
used to provide the water spray for the two-component flow. The nozzle 
provided a relatively uniform, square shaped water spray distribution. 
For several of the experiments, a second SQ-10 nozzle was located six-inches 
directly below the first nozzle so higher water-air mass flow rate ratios 
12 
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Figure 2. Water Spray System. 
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could be obtained. 
A fifteen-gallon tank was used as a water spray reservoir. Two 
thermocouples were installed in the water spray line just prior to the 
spray nozzle. One of the thermocouples was connected to a Honeywell 
temperature recorder and power controller (HTR & PC) and the other thermo-
couple was connected to a 20 channel Honeywell temperature recorder (HTR). 
The HTR & PC was used to monitor the air dry and wet bulb temperatures (see 
page 17) and the water spray temperature. The variable power output on 
the HTR & PC was connected to the reservoir heaters and adjusted so the 
water spray temperature was equal to the air dry bulb temperature. 
A turbine pump, furnished by the Aurora Pump Company (Model No. TS-
E5T-1) and driven by a three-horsepower motor, was used to supply the high 
pressure water spray. A flow control valve and a high pressure regulator 
valve, with a bypass return line to the reservoir, were used to control 
the water spray flow rate. A Bourdon pressure test gage was used to indi-
cate the water spray pressure at the nozzle. 
Test Cylinder 
A three-inch diameter cylinder, divided into five main sections 
and mounted horizontally in the test section area, was used for the ex-
periments. Located in the middle of the cylinder was a four-inch long 
brass test section used for the heat transfer studies (Figure 3). To 
eliminate longitudinal heat flow and end effects, a three-inch long Teflon 
guard section was mounted on either side of the brass test section. On 
either side of the Teflon guard sections was mounted a three-inch long 
aluminum pipe section for support. On each end of the aluminum pipe sec-
tions was a cap plate. A bolt ran through the center of the entire cylin-
THERMOCOUPLE LEADS 
HEATER LEADS-
SECTION UA-A". FIG. 4 
SIDE VIEW 
Figure 3. Test Cylinder. 
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der to hold it together. 
The brass test section was divided into twelve equal but separate 
heater sections, with a 3/8-inch diameter chamber in each section. The 
isolated 30 degree heater section provided a means to study the local 
heat transfer effects. Watlow Firerod cartridge heaters were installed 
in each heater section chamber, with the heater power output varying from 
500 watts on the upstream side to 125 watts on the downstream side of the 
cylinder (Figure k). The cylinder was drilled out to an l-|--inch inside 
diameter and radial slots, l/l6-inch wide and cut to within l/l6-inch of 
the cylinder surface, were made to provide essentially separate heater 
sections. The slots and the inside sections of the cylinder were filled 
with Santocel "A" insulation (Monsanto Chemical Company). 
Thermocouples were mounted on the periphery of the brass test sec-
tion. Longitudinal slots on isothermal lines, l/l6-inch wide, l/l6-inch 
deep, and two-inches long, were cut on the cylinder surface on the center-
line of each heater section (Figure k). Two additional slots, equally 
spaced l/̂ --inch off center of a main longitudinal slot, were cut. This 
provided a means to determine if the cylinder surface temperature varied 
circumferentially in a heater section. The slots were tinned with soft 
solder, then the thermocouples were placed in the slots with the thermo-
couple junction located on the cylinder surface at the cylinder centerline. 
Then solder was used to fill in the remainder of the slot. Emery cloth 
was used to restore the cylinder surface to a smooth finish. The cylinder 
surface was washed in a solution of warm water and a mild detergent to re-
move all grease and insure good wetting characteristics. 
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During heat transfer tests, it was necessary to determine and re-
cord the local cylinder surface temperatures, the water spray temperature, 
and the air dry and wet bulb temperatures. These temperatures were moni-
tored on the HTR & PC and/or on the HTR (Figure 5). The fourteen cylinder 
surface thermocouples, a water spray thermocouple, and an air dry bulb 
thermocouple were connected to the HTR. The air wet bulb thermocouple, 
the other water spray thermocouple, and the other air dry bulb thermocouple 
were connected to the HTR & PC. The cylinder surface thermocouples were 
made from 30 gage Teflon coated copper constantan thermocouple wire. The 
two air dry bulb thermocouples, the two water spray thermocouples, and 
the air wet bulb thermocouple were made from 2k gage copper constantan 
thermocouple wire. Two dewar vacuum flasks containing a mixture of crushed 
ice and water were used for the HTR reference junction. To obtain reliable 
temperature measurements a potentiometer (Leeds and Northrup Co.,Model No. 
8686), connected into the HTR, was used during heat transfer tests to 
measure the emf generated by the fourteen cylinder thermocouples, the air 
dry bulb thermocouple, and the water spray thermocouple. 
The wind tunnel air dry and wet bulb thermocouples were located in 
the elbow section connecting the air cooling chamber with the plenum cham-
ber. The junctions of the air dry bulb thermocouples were located in a 
modified deceleration probe to insure against water droplets coming into 
contact with the junctions (Figure 6). The air wet bulb thermocouple was 
made of five thermocouple junctions, connected in parallel and each junc-























ALL WATER EXITS 
(SOME AIR ) 
Figure 6. Air Dry Bulb Temperature Probe. 
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The water spray thermocouples were installed in the water spray line just 
prior to the spray nozzle in the plenum chamber. 
Power Measurements 
The power input to the heaters was determined by measuring the 
heater current and voltage on a wattmeter (Weston, Model 310, single 
phase, 1 ampere). A diagram of the electrical layout is shown in Figure 
7. The power input to each heater was measured to determine the local 
heat dissipation. By adding all the local power inputs, the total heat 
dissipation was determined. A Powerstat variable transformer was connected 
to each heater so an isothermal cylinder surface could be obtained by ad-
justing the transformers. A Sorenson power regulator was provided for 
each set of six cartridge heaters. 
Pressure Distribution Around the Cylinder 
Two-Component (Air-Water) Flow. A system to measure the pressure 
distribution on the upstream side of the cylinder in two-component (air-
water) flow was constructed. A three-inch diameter clear Plexiglas cy-
linder with a l/32-inch diameter pressure tap was used for the tests. 
Good cylinder surface wetting characteristics were obtained by finishing 
the surface with fine Emery cloth. The pressure tap was connected to a 
vertical glass tube located outside the wind tunnel. The entire system 
was filled with manometer fluid. 
One-Component (Air) Flow. The pressure distribution around the cy-
linder in one-component flow was determined. The same cylinder used in 
the two-component pressure distribution system was used except the cylin-
der pressure tap was connected to a micromanometer (Merian, ten-inch, Model 
No. 3^F82). 
POWERSTAT 








' t t t \ 
^-DPDT 






Figure 7- Electrical Circuit for Test Cylinder Cartridge Heaters 
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Spray Droplet Distribution and Water Mass Flow Rate Determination 
A continuous sampling method, similar to that described by Dus-
sourd (8), was used to determine the distribution and the mass flow rate 
of the water droplets at the vertical test section area (Figure 8). Three 
0.228-inch inside diameter thin-walled brass probes, spaced two-inches 
apart and mounted on a horizontal traverse, were used to capture the drop-
let laden air. Since Smith (h) had shown that the diameter of the water 
spray probe resulted in less than ± 3 per cent variation in water collec-
tion rate, only one size probe was used. Each probe was connected to a 
25 ml graduated burette where the water was collected and separated from 
the air. The air was then returned to the wind tunnel at static pressure. 
Air Velocity 
The air velocity in the test section during one-component (air) 
flow was determined with a l/32-inch outside diameter pitot-static probe 
located at the wind tunnel centerline seven-inches upstream from the test 
cylinder stagnation point. The pitot-static probe was connected to the 
micromanometer. 
Spray Droplet Velocity 
Tests were performed to determine the average water droplet velo-
city by the method of "droplet impact pressure" as described by Dussourd 
(8) and Sucec (9). A thin-walled glass probe (l/4-inch inside diameter) 
was mounted on the horizontal traverse and located eight-inches upstream 
from the test cylinder stagnation point. The probe was connected to a 
vertical glass tube located outside the wind tunnel. The entire probe 
system was filled with water containing a colored dye and a wetting agent. 
A cathetometer (Gaertner Scientific Corp., Model No. 463A) was used to 
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Figure 8. Probe for Spray Droplet Distribution and 
Water Spray Flow Rate Determination. 
2U 
determine the manometer fluid height difference in stagnation pressure 
for the air flow and for the combined air-water flow. 
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CHAPTER III 
CALIBRATION AND PROCEDURE 
Calibration 
In this section a discussion is given of the calibration of the 
wind tunnel which includes determining the air velocity characteristics 
in one-component (air) flow and the water spray droplet characteristics 
in two-component (air-water) flow. Calibration of the test cylinder sur-
face thermocouples and the wattmeter and determination of the pressure 
distribution around the cylinder is also presented. An error analysis 
of the local Nusselt number and the water-air mass flow rate ratio is 
developed. 
Wind Tunnel 
Air Velocity Profile. Air velocity profiles for 20, 50, and 80 
feet per second were made in the test section area. These profiles were 
determined by using a l/8-inch outside diameter pitot-static probe and 
the micromanometer. These tests were performed with the pitot-static 
probe occupying the test cylinder's place in the test section area. Air 
velocity measurements were made at one-inch intervals across the wind 
tunnel. The velocity variations at 20, 50, and 80 feet per second were 
0.0, 0.0, and +0.5 feet per second, respectively. The velocity profiles 
are shown in Figure 9-
Air Dry Bulb and Water Spray Thermocouples. The air dry bulb 
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HTR were calibrated against a mercury-in-glass thermometer (Fisher 
Scientific Co., Model No. 15-OU3C). A water-ice (32 F) reference junc-
tion was used and a potentiometer (Leeds and Northrup Co., Model No. 
8686) was used to measure the thermocouple emf. The thermocouples were 
calibrated from 70 to 110 F in 10 F intervals. The air dry bulb thermo-
couple temperature varied a maximum of -0.9 F from the comparison thermo-
meter temperature. The spray water thermocouple temperature varied a 
maximum of -0.6 F. 
Spray Droplet Distribution. Spray droplet distribution tests were 
performed with the test cylinder in the test section area and the collec-
tion probes located eight-inches upstream from the stagnation point of 
the cylinder. The nozzle was centered in the plenum chamber and aligned 
so that it would spray vertically, by directing a Strobotac light onto 
the water spray cone at the nozzle. Traverses with the three collection 
probes were made, starting at -̂.5-inches from the wind tunnel wall and 
moving four times in 0.75-inch increments across the projected area of 
the cylinder test section. During the heat transfer tests, the spray 
droplet distribution varied from ± 16 to ± h^ per cent from an average 
water mass flow rate. Results of two particular runs are shown in Fig-
ures 10 and 11. 
Tests were conducted to determine the repeatability of the average 
water mass flow rate during tests for the Reynolds numbers of 30,000 and 
118,000. At both Reynolds numbers, the average water mass flow rates re-
corded for the first and second traverses varied less than five per cent. 
Median Water Spray Droplet Diameter. The nozzle vendor, the 
Delavan Manufacturing Company, was contacted to determine the mass median 
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Figure 10. Water Spray Droplet Distribution; 
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water droplet diameter. The water droplet size distribution and the 
mass median water droplet diameter for an SQ-10 nozzle operating at kO 
and 200 psig without air flow were measured. From these data, a plot of 
mass median water droplet diameter versus the nozzle supply pressure 
(Figure 12) was determined. The mass median water droplet diameter de-
creased as the nozzle pressure increased. The effect of spray injection 
into the moving air stream and the effect of the wind tunnel character-
istics on the water spray droplet size were unknown. 
Average Water Spray Droplet Velocity. Tests were conducted to 
determine the average water spray droplet velocity in the test section 
area at air free stream Reynolds numbers of 30,000, 755000, and 118,000, 
and at different water-air mass flow rate ratios. A method described by 
Dussourd (8) was used. From the equation 
PSTAGN a-w PSTAGN 
the water droplet velocity was determined, assuming total conversion of 
the water droplet momentum into pressure upon contact with the water in 
the probe. The probe efficiency (e ) was assumed equal to one. The 
combined air-water stagnation pressure was determined during two-component 
flow. Then by determining the air stagnation pressure in one-component 
flow and the water mass flow rate, the average droplet velocity was cal-
culated. 
The average spray droplet velocity was 250 feet per second with a 
± 15 feet per second variation for a Reynolds number of 30,000 and for 
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Figure 12. Mass Median Droplet Diameter 
versus Supply Pressure. 
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Reynolds number of 75,000, the average spray droplet velocities were 1+3, 
81+, and 118 feet per second at water-air mass flow rate ratios of 0.013, 
0.029, and 0.053, respectively. For a Reynolds number of 118,000 and 
on separate runs, average spray droplet velocities of 95 and 255 feet 
per second at water-air mass flow rate ratios of O.O38 and 0.021+, re-
spectively, were recorded. 
The spray droplet velocities of 250 and 255 feet per second corre-
sponding to nozzle pressures varying from 100 to 220 psig seemed to be in 
error, since the average velocity for the nozzle pressure of 220 psig was 
only 180 feet per second. 
Test Cylinder 
Cylinder Thermocouples. The test cylinder surface thermocouples 
were calibrated against the mercury-in-glass comparison thermometer in 
a thermometer-comparison water bath (Precision Scientific Co., Model No. 
66580). The cylinder was placed vertically in the bath with the brass 
test section submerged and the comparison thermometer completely sub-
merged. A water-ice (32 F) reference junction was used and the potentio-
meter was used to measure the thermocouple emf. The fourteen thermo-
couples were calibrated from 70 to 150 F in 10 F intervals. The thermo-
couple temperatures were within ± 0.5 F of the comparison thermometer 
temperatures. 
Wattmeter. The wattmeter used to determine the cartridge heater 
wattage was calibrated using a precision resistor and a Standard voltage 
cell in a potentiometer. The Standard voltage cell had been calibrated 
against a National Bureau of Standards voltage cell. The wattmeter read 
within the limits of the factory calibration, ± l/l+ of one per cent of 
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full scale reading. Therefore, the wattmeter readings were accurate 
within ±0.30 watts. 
Pressure Distribution Around the Cylinder. Tests were performed 
to determine the pressure distribution around the Plexiglas cylinder in 
one-component (air) flow and two-component (air-water) flow for the Rey-
nolds numbers of 30,000, 75?000, and 118,000. The results for one-compo-
nent flow are shown in Figure 13 and are compared with results published 
by Fage and Falkner (10). The results of the pressure distribution on 
the upstream side of the cylinder for two-component flow are presented 
in Figure lk. At the Reynolds number of 753000, runs at two different 
water-air mass flow rate ratios were performed to determine the effects 
of the water flow rate on the pressure distribution. From this test, the 
variation in water flow rate had no effect on the pressure distribution. 
The pressure distribution agreed very favorably with the solution obtained 
for potential flow around the cylinder with no water droplets in the air 
stream. The tests at the Reynolds number of 30,000 proved unsuccessful 
since the error involved was much greater than the pressures which were 
measured. 
Experimental Error Analysis 
An error analysis of the experimental data for the Nusselt number 
and the water-air mass flow rate ratio was performed. 









Figure 13. Pressure Distribution Around Plexiglas 
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1. Q, may have been in error by 1.0 per cent due to calibration 
of the wattmeter. 
2. The values of A , D, and k may have been in error by 1.0 per 
cent due to measurement of the cylinder and the value used for the ther-
mal conductivity. 
3. (T - T ) may have been in error by 5.0 per cent due to cali-
S oo 
bration and fluctuations in the local cylinder surface temperature. 
Then performing an error analysis using the above assumed per cent 
errors, the overall accuracy of the local Nusselt number was ±7.3 per 
cent. 
Considering the water-air mass flow rate ratio, 
0.12^5 
m = w w 
1.328 w bar. 13-Q T 
1 + 7000 
1 + (JU 
1. N may have been in error by 10 per cent due to lack of re-
peatability of the average water mass flow rate and the variation in the 
spray droplet distribution. 
2. The air velocity may have been in error by 1.0 per cent. 
3. The error of the other terms was considered negligible. 
Again, performing an error analysis using the above assumed per 
cent errors, the overall accuracy of the water-air mass flow rate ratio 
was ±11.0 per cent. 
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Procedure 
Heat Transfer Measurements in Two-Component Flow 
The experimental procedure used for determining the local Nusselt 
numbers from the cylinder through the water and air boundary layers for 
two-component (air-water) flow was as follows: 
1. The wind tunnel air wet bulb thermocouple apparatus was filled 
with water. The thermocouple reference junctions were filled with crushed 
ice and water. 
2. The HTR and the HTR & PC were turned on and calibrated. 
3. The three water droplet collection probes were mounted on the 
horizontal traverse at the test section area, eight-inches upstream from 
the test cylinder stagnation point. 
h. The pitot-static probe was inserted into the wind tunnel, with 
the probe located at the tunnel centerline and seven-inches upstream from 
the test cylinder stagnation point. The micromanometer was leveled and 
adjusted at zero, and then adjusted to the desired velocity pressure. 
5. The spray cooling water in the air cooling chamber was started. 
6. The fan was started and the damper was adjusted until the de-
sired air velocity in the test section area was obtained. 
7. The pitot-static probe was removed. 
8. The water spray pump was started and the flow control valve 
and the pressure regulator valve were adjusted to obtain the desired 
water spray nozzle pressure. 
9. Monitoring was begun of the air dry bulb temperature and the 
water spray temperature on the HTR. 
10. The water spray heaters were connected to the power controller 
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of the HTR & PC. Monitoring was begun of the water spray temperature, 
and the air dry and wet bulb temperatures on the HTR & PC. The outputs 
of the spray cooling water and the water spray heaters were adjusted so 
the three temperatures were approximately equal. 
11. The water spray collection probes were located in the desired 
position. The water spray collection graduated burettes were emptied. 
12. The timer was started and the initial readings of the water 
levels in the burettes were recorded. At the end of the desired time 
interval, usually 600 seconds, the final water level readings in the 
burettes were recorded. 
13. Steps 11 and 12 were repeated. 
ik. When the spray droplet distribution test was completed, the 
three collection probes were removed from the wind tunnel. 
15. The HTR was set to automatic so the air dry bulb temperature, 
the water spray temperature, and the fourteen cylinder temperatures were 
recorded on the strip chart. 
16. The wattmeter was connected to the appropriate leads on the 
control board. The external safety jacks were connected across each of 
the twelve Powerstats to complete each circuit. 
17. The Powerstats were turned up and adjusted to obtain an iso-
thermal cylinder surface, usually with a temperature difference between 
the cylinder surface and the free stream reference temperature of 30 F. 
18. The outputs of the spray cooling water and the water spray 
heaters were adjusted to this new power input into the system. 
19. Between five and ten minutes were allowed for the entire sys-
tem to stabilize. 
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20. The emfs (mv) of the air dry bulb thermocouple, the water 
spray thermocouple, and the fourteen cylinder surface thermocouples were 
determined by the potentiometer and recorded. The wattage to each cart-
ridge heater was determined by the wattmeter and recorded. From the 
HTR & PC, the wet bulb temperature was determined and recorded. 
21. The Powerstats were turned off and the external safety jacks 
were removed. 
22. The water spray pump, the water spray heaters, the spray cool-
ing water, the HTR, the HTR & PC, and the fan were turned off. 
Heat Transfer Measurements in One-Component (Air) Flow 
The experimental procedure for determining the local Nusselt num-
bers from the cylinder in one-component (air) flow was similar to the 
procedure for determining the local Nusselt numbers in two-component 
(air-water) flow except those procedures involving the introduction and 
study of the water spray droplets in the system were excluded. 
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CHAPTER IV 
AN ANALYSIS OF TWO-COMPONENT HEAT TRANSFER 
An analysis of the liquid film formed on the upstream side of a 
cylinder exposed to a two-component (gas-liquid) crossflow is presented. 
The integral forms of the continuity, momentum, and energy equations are 
used with the goal of determining the local Nusselt number as a function 
of known parameters. This study includes only the situation with a non-
evaporating liquid film on the cylinder surface. Heat transfer across 
the gas-liquid interface is neglected; therefore, the heat transfer deter-
mined by analyzing only the liquid film is an approximate solution for 
the heat transfer across the liquid film and gas boundary layer. The 
solutions obtained are applied to a water film formed on the upstream 
side of a cylinder which is exposed to a two-component (air-water) flow. 
The following assumptions are made for the analysis: 
1. Steady state flow conditions are considered for the velocity 
and temperature distributions. 
2. The two-dimensional case is considered. 
3. All gas and liquid properties (except temperature) are consi-
dered constant. 
h. The gas and the liquid droplets have the same temperature up-
stream of the cylinder. 
5. Upstream of the cylinder, the liquid droplets are uniformly 
distributed in the gas stream. 
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6. The liquid droplets continue in straight paths which are un-
affected by the gas flow around the cylinder. 
7. The liquid film formed on the upstream side of the cylinder 
is laminar. 
8. The liquid droplets are captured by the liquid film with no 
"splashing." 
9. Body forces are neglected. 
10. Evaporation of the liquid film is neglected. 
The model cons idere'd is shown in Figure 15. A larger view of'the control 
volume abed is shown in Figure l6. 
With these assumptions, solutions will be obtained for the con-
tinuity , momentum., and energy equations. 
Continuity Equation 
Using the integral method, a mass balance on the control volume 
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Considering R » 6, dividing Equation (l) by (p )(A0), and taking the 
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Figure l6. Analytical Model, Control Volume abed. 
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Integrating both sides of Equation (2) with respect to 9 yields 
R+6 /ra \ / 
I v r = ( 5 ( R s i n 0 • (3) 
A dimensionless l inear film velocity prof i le 
-5 = a + b r (10 
u6 
y—TR 
will be assumed, where r = ——, Ue = U.(R+6), and a and b are coefficients 
o o o 
to be determined. The boundary condition for the liquid film at the cy-
linder surface is Un(R) = 0. Then the coefficient a is equal to zero. 
Therefore, the velocity profile becomes 
~ = b r . (5) 
6 
Substituting Equation (5) into Equation (3)? changing the limits 
of integration, and integrating yield 
h-2'v1)C-^r
1] • (6) 





where 6 = — and U = liquid droplet velocity upstream of the cylinder. 
R °° 
Momentum Equation 










P Urtdr + m (R + 6)(Uco sin 9)(A9 COS 9) 
(8) 
R+6 R+6 
= -Tg(RA9) + T (R + 6)(A9) + J P drl - J P dr 
R R 
9+A9 
Rearranging Equation (8), considering R » 6, dividing by (RA9), and 
taking the limit as A9 -» 0, yield 
R+6 R+6 
le J pi ue d r + (Ts " V + Fie I p dr " k u» ( c o s e s i n e) 
R R (9) 
= 0 
The following assumptions are made: 
1. The liquid film momentum in the 9-direction is neglected. 
2. Pressure gradients in the liquid film are neglected. 
3. The gas shear force on the liquid film at the gas-liquid inter-
face is neglected. 
An order of magnitude analysis indicated that the momentum in the 9-
direction can be neglected, especially at low liquid-gas mass flow rate 
ratios. 
Then Equation (9) becomes 
k6 
T - m, U (cos 9 sin 9) = 0 . (10) 
S J- ™ 
The shear stress on the liquid film at the cylinder surface is 
dU, 
T = M. e s rl Br 
where UA = Uc b r, and Sr = 6 3 r. 9 o 
Rewriting Equation (10) yields 
r=R 
^I ( t ) ( V = "i u°° (cos e sin e) * (11) 
Substituting the value of b from Equation (6) into Equation (ll) and re-
arranging yield 
if -2 h 
? = 6 = (ReDl^ (COS 9) " (12) 
Equation (12) is a dimensionless expression for the liquid film thickness 
on the upstream side of the cylinder in the laminar region, expressed in 
terms of the liquid free stream Reynolds number and the angle from the 
stagnation point. The expression for the liquid film thickness breaks 
down near 90 degrees, for at 90 degrees the liquid film thickness becomes 
undefined. 
Energy Equation 
The energy balance on the control volume abed is 
^7 
R+6 
f p U H d r l + mn H (R + 6)(A9 cos 9) J 1 9 19 L 1 l°o / v 
R (13) 
ST, 
+ (-k]_)(RA9) ^ 
R+6 
r=R 




1. Convective heat transfer across the gas-liquid interface is 
neglected. 
2. Conduction heat transfer in the 9-direction in the liquid film 
is neglected. 
3. Evaporation heat transfer from the liquid film to the droplet 
laden air stream is neglected. 
Rearranging Equation (13)? considering R » 6,dividing by A8,and taking the 





>1 U8 H19 d r 
m H (R cos 6) 
1 I"5 
= -k R 
1 dr (1*0 
r=R 
Now using the gas and liquid droplet temperature as a reference 
temperature for determining enthalpies and assuming H = c (T-T J) = 
p ref 
c (T-T.) yield 
H 1 A = c .(T. - T ) 
19 plv 9 oo 
Therefore, Equation (l̂ -) can be rewritten 
kQ 
R+S 
d P d l A 
•^r pn IL c n (X - T ) dr = - kn R ^ d9 J Hl 9 plv 9 «' 1 dr (15) 
r=R 
Now define 0m = (T -T )/(T -T ) and assume a linear temperature T 9 °° ' s oo' c 
profile in the liquid film of the form 
T« = c + d r (16) 
where c and d are coefficients to be determined. The temperature boundary 
conditions on the liquid film are 
1. T = T at r = 0; c = T 
9 s ' s 
2. Tfl = T. at r = 1; d = Tc-T 6 5 ' 5 s 
Rearranging Equation (15) yields 
d9 \l 0 6 d r = 
-2 S0n 
(ReDiXpriX^) v s r=0 
(17) 
Now 
0 T = l - ( ^ (18) 
where ¥ = T -T . 
s 
Substituting Uft/U from Equation (7) and 0 from Equation (18) 
into Equation (17) yields 
k9 
iHH^Wi-^ *- -2 KiV^i)^) \ a .(19) 
r=0 
Integrating the left side and differentiating the right side of Equation 
(19) yield, after arranging into dimensionless form 
m 








where m = ml./m and p = pn /p . 1; g Kr g 
Differentiating the left side of Equation (20) and rearranging 
yield the differential equation 
cot 0 + 3 
v m ' (* e D 1X
p r iV s i r i e)(6) 
^ cot e 
(21) 
= 0 
The first term of Equation (21) will be assumed negligible compared to 
the other terms of the equation. By disregarding the first term of Equa-
tion (21), the resulting solution is limited to a range of 9 from 0 to 
approximately 70 degrees from the stagnation point. Above this limit of 
70 degrees, the differential term becomes of the same order of magnitude 
as the last term of Equation (2l), and therefore it cannot be neglected. 
By rearranging Equation (2l), the temperature distribution becomes 
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1.5 cos 
cos 9 +3 
. m ' 
(22) 
(ReDlXPriV6)-
The local heat transfer coefficient from the cylinder surface to 
the two-component (gas-liquid) stream is given by 
h 
-k /ST, 
L = (T - Tj s °° I 6 dr 
(23) 
r=0 
Rewritten, Equation (23) becomes 
h -Oft (2U) 
By substituting the value of 
Y
S/
Y«, f r o m E^ u a t i o n (22) i n t o Equation 
(2U), and the value of 6: from Equation (12), the local heat transfer co-
efficient becomes 
h 
1.5 \ J ReD1 (
c o s 9) 
3/2 
cos 6 + 3 (f) Ki)KV6L 
(25) 
Substituting the value of 6 from Equation (12) into Equation (25) and 
then rewriting Equation (25) in terms of the gas free stream Reynolds 
number yield 
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^ V % i (cos B) 
3/2 
DJ v cos 0 + 1 
\ m ' 
A/ cos 8 / v 
Pr. Re Dg 
; (26) 
where v = v /v . Now, expressing Equation (26) in dimensionless form 





- ' / 
Re^ cos 0 
Dg 
M« Re^ cos 0 Dg __ 
. (27) 
Equation (27) is the local Nusselt number from the cylinder across the 
liquid and gas boundary layers to the liquid droplet laden gas stream. 
The liquid droplet velocity is assumed equal to the gas velocity far up-
stream of the cylinder. The gas properties are evaluated at the free 
stream reference temperature. The liquid properties are evaluated at the 
average temperature between the free stream reference temperature and the 
cylinder surface temperature, except the liquid kinematic viscosity which 
is evaluated at the cylinder surface temperature. 
The local Nusselt number determined by Equation (27) is compared 
with experimental results for the case of liquid water droplets borne by 
an air stream. The results are shown in Figures 27, 28, and 29. 
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CHAPTER V 
PRESENTATION AND DISCUSSION OF RESULTS 
Introduction 
Measurements were made to determine the local and overall Nusselt 
numbers for a circular cylinder exposed to a saturated air stream with 
entrained water droplets. These results are compared with data obtained 
by previous investigators. The heat transfer results from this investiga-
tion for two-component flow are expressed in terms of the Nusselt number, 
instead of the heat transfer coefficient. For comparison, it was necessary 
to convert data reported by previous investigators from heat transfer co-
efficients to Nusselt numbers. Also, the experimentally determined local 
Nusselt numbers are compared with the analytical Nusselt numbers obtained 
in Chapter IV. 
Since there are many variables which could influence the heat trans-
fer characteristics and which have not been thoroughly investigated, it is 
difficult to make a conclusive comparison of previous data with the data 
of this investigation. The variables include the water droplet diameter, 
the water droplet velocity and its relationship to the air velocity, the 
air velocity, the spray droplet distribution and the water mass flow rate, 
the cylinder temperature, the water spray and air temperatures, and the 
orientation of the cylinder to the two-component flow. 
This investigation was limited to determining the effects of the 
air free stream Reynolds number and the water-air mass flow rate ratio on 
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the heat transfer characteristics. Cylinder surface and water spray 
temperatures were chosen so only sensible heating of the film was signi-
ficant. 
Experimental Results 
Heat Transfer in One-Component (Air) Flow 
In one-component (air) flow (Tables 1 through h), the overall 
Nusselt numbers for the cylinder were higher for the Reynolds numbers of 
30,000, 75jOOO, and 118,000 (Figure 17) when compared with Hilpert (ll). 
This increase could have been caused by a high turbulence intensity in 
the test section area. For all three Reynolds numbers, the heat transfer 
was not symmetric with the stagnation point. Two Nusselt number minima 
were experienced on one side of the cylinder while only one Nusselt number 
minimum existed on the other side. Flow separation occurred at 120 degrees 
on the side with two minima and at 90 degrees on the side with only one 
minimum. 
Heat Transfer in Two-Component (Air-Water) Flow 
The experimental results of heat transfer from an isothermal cy-
linder exposed to a saturated air stream with entrained water droplets 
are presented in tabular form in Tables 1 and 5 through 23. A represen-
tative part of these data is plotted in graphical form in Figures 18 
through 29. 
The addition of water droplets to the air stream does increase the 
local Nusselt number around the cylinder (Figures 18, 19, and 20). In 
all cases, the maximum local Nusselt number was experienced at the cylin-
der stagnation point. The local Nusselt number decreased almost linearly 
i i 
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Figure 17. Overall Nusselt Number versus Reynolds 
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Figure 20. Experimental Local Nusselt Number for 
Re = 118,000 in Two-Component Flow. 
58 
with angular position from the stagnation point to 90 degrees where the 
local Nusselt number was almost constant with respect to a given Reynolds 
number. For a constant Reynolds number, the local Nusselt number on the 
upstream side of the cylinder increased with an increase in water-air mass 
flow rate ratio. The heat transfer on the downstream side of the cylinder 
remained nearly independent of the water-air mass flow rate ratio for a 
given Reynolds number. The heat transfer from the downstream side of the 
cylinder contributed from 15 to 30 per cent of the total cylinder heat 
transfer, with the per cent decreasing as the water-air mass flow rate 
ratio increased. A maximum local Nusselt number of 557 was recorded at 
the stagnation point for a Reynolds number of 118,000 and a water-air mass 
flow rate ratio of 0.0^+. A minimum stagnation point Nusselt number of 
108 was experienced for a Reynolds number of 30,000 and a water-air mass 
flow rate ratio of 0.028. The stagnation point heat transfer in two-com-
ponent flow was from 11 to 58 times greater than in one-component (air) 
flow. 
The overall Nusselt number for the cylinder increased with the 
addition of the water droplets to the air stream (Figures 21, 22, and 23). 
The overall heat transfer in two-component flow was from 7 to 23 times 
greater than in one-component (air) flow. The overall Nusselt numbers in 
two-component flow were 7 to 19 per cent of the overall Nusselt numbers 
obtained by McAdams (12) for a cylinder submerged in water crossflow. At 
a Reynolds number of 30,000, the overall Nusselt number increased linearly 
with an increase in water-air mass flow rate ratio (Figure 21). A cross-
plot of Figure 21 shows that the overall Nusselt number may vary linearly 
with an increase in Reynolds number for a constant water-air mass flow 
250 
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rate ratio. Due to the degree of uncertainty of the overall Nusselt num-
bers for interim Reynolds numbers between actual measurements, dashed 
lines were used in Figure 22. 
The overall Nusselt number was plotted against the water mass flow 
rate (Figure 23). A linear increase in overall Nusselt number existed 
for the Reynolds number of 30,000. The overall Nusselt number for the 
Reynolds number of 75,000 was only ten per cent lower than the Nusselt 
number for the Reynolds number of 118,000 for the water mass flow rates 
p 
from 0.05 to 0.12 lbm/ft -sec. 
At the Reynolds number of 75,000, a test was made to determine 
the effects that the temperature difference between the cylinder surface 
and the free stream reference temperature had on the local and overall 
Nusselt numbers (Table 23). A free stream reference temperature of 80 F 
with cylinder surface temperatures of 101, 112, and 123 F were used. The 
local Nusselt numbers on the upstream side of the cylinder increased with 
each increase in temperature difference. The overall Nusselt number in-
creased eight per cent with each increase in temperature difference. This 
increase in heat transfer could have been due to errors within the system 
and/or an increase in film evaporation and convective heat transfer. 
Good wetting characteristics were experienced with a liquid water 
film covering the entire cylinder surface for the heat transfer tests. 
Since the test cylinder was mounted horizontally, water running onto the 
test section from other sections of the cylinder was not experienced. 
Also, the liquid film remained on the cylinder and a high accumulation of 
water was experienced in the area l8o: degrees from the stagnation point. 
By using a Strobotac light, splashing and waves were observed in the 
63 
liquid film on the upstream side of the cylinder for the Reynolds number 
of 118,000. 
To obtain reliable heat transfer data it was necessary to maintain 
an isothermal cylinder surface. During the tests, the local cylinder sur-
face temperatures recorded at the heater centerlines varied from ±0.3 to 
± 0.5 F from the average cylinder surface temperature. The two thermo-
couples, each located l/U-inch off center of a main centerline thermocou-
ple, indicated that the temperature increased from 1 to 3 F in the circum-
ferential direction, thus questioning the isothermal characteristics of 
the cylinder surface. The heat transfer from the cylinder was reasonably 
symmetric with the centerline except for one heater located 30 degrees 
from the stagnation point. In some cases, the wattage of this heater was 
equal to or higher than the wattage of the stagnation point heater. The 
cylinder was rotated 30 degrees and the wattage loads became reasonably 
symmetric. Other variations in nonsymmetric wattage output by the heaters 
could have been due to unsymmetric spray distribution. 
The effect of the water droplet diameter on the heat transfer was 
not studied; but, from Figure 12, it can be seen that the mass median 
water droplet diameter could have varied from 120 to 300 microns. A re-
liable and easy method to determine the average water spray droplet velo-
city was not obtained. 
The local Nusselt numbers obtained in this investigation were com-
pared with the results of Takahara (3) and Smith (h) for Reynolds numbers 
of 110,000 and 120,000 and with Takahara at a Reynolds number of 77,000 
(Figures 2k and 25). The data reported by Acrivos (l) and Hoelscher (2) 
















Figure 24. Comparison of Experimental Local Nusselt 




















Figure 25. Comparison of Experimental Local Nusselt 
Number for Two-Component Flow. vn 
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higher stagnation point Nusselt numbers than results published by Smith 
or obtained in this investigation. Also, Takahara reported insignificant 
heat transfer on the downstream side of the cylinder for the Reynolds 
numbers of 77?000 and 110,000. Smith and this investigator obtained re-
sults indicating the heat transfer on the downstream side of the cylinder 
accounted for 15 to 30 per cent of the total heat transfer. The local 
Nusselt numbers obtained by Smith and this investigator were consistent 
with the water-air mass flow rate ratios for the Reynolds number of 
118,000. 
The overall Nusselt numbers obtained by Takahara (3)? Smith (h), 
and this investigator were compared in Figure 26. Even though Takahara 
reported much higher stagnation point Nusselt numbers, the overall Nusselt 
numbers were considerably lower for both Reynolds numbers. The overall 
Nusselt numbers reported by Smith and obtained in this investigation com-
pared very favorably for the Reynolds number of 118,000. 
Analytical Results 
The analytically determined local Nusselt numbers are compared 
with the experimental results for the air Reynolds numbers of 30,000, 
75?000, and 118,000. A representative part of these data is presented 
in Figures 27, 28, and 29. 
In the case of considering only sensible heating of the liquid 
film with no evaporation, an upper limit exists when the droplets, upon 
impingement on the cylinder, immediately heat up to the cylinder surface 
temperature. The analytical study presented in this investigation was 
a first approximation to this upper limit in determining the local Nusselt 
250 
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Figure 26. Comparison of Overall Nusselt Number versus Water-Air 
Mass Flow Rate Ratio for Two-Component Flow. 
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numbers on the upstream side of a cylinder exposed to two-component (gas-
liquid) crossflow. It was assumed that the gas boundary layer had no 
effect on the liquid boundary layer. Linear velocity and temperature 
profiles were assumed to exist in the liquid boundary layer. All the 
heat dissipated by the cylinder was assumed absorbed by the liquid film 
as sensible heat. Also, evaporation and convective heat transfer of the 
liquid film to the gas stream were considered negligible. 
The film thickness (see page 46) was a function of the liquid 
Reynolds number and the angular position from the stagnation point and 
was independent of the liquid mass flow rate. The film thickness decreased 
with an increase in liquid Reynolds number and increased with the angular 
position from the stagnation point. 
The film surface velocity increased from zero at the stagnation 
point to a maximum value of about 5̂+ degrees from the stagnation point 
and then decreased again. The liquid film velocity increased with an in-
crease in either the liquid Reynolds number or the liquid mass flow rate. 
The local Nusselt number on the upstream side of the cylinder (see 
page 51) increased with an increase in either the liquid-gas mass flow 
rate ratio or the gas Reynolds number. Also, the local Nusselt number 
was a function of the liquid Prandtl number and the liquid-gas density 
and kinematic viscosity ratios. The local Nusselt number was a maximum 
at the stagnation point and decreased with an increase in angular position 
from the stagnation point. 
Although the exact method of heat transfer from the cylinder was 
not determined, the analytical results did agree favorably with the ex-
perimental results when only sensible heating of the liquid film was con-
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sidered. At the air Reynolds number of 30,000 (Figure 27), the analyti-
cal results agreed within ± 12 per cent of the experimental results. At 
the air Reynolds number of 75?000 (Figure 28), the analytical results 
were 20 to Uo per cent below the experimental results for the water-air 
mass flow rate ratios of 0.013 and 0.021. At the water-air mass flow 
rate ratio of 0.0^5, the analytical results were within ± 12 per cent of 
the experimental results. The poorest water spray droplet distribution 
was experienced at the air Reynolds number of 75?000. At the air Reynolds 
number of 118,000 (Figure 29), the analytical results were below, but 
within 30 per cent of the experimental results for the water-air mass 
flow rate ratios of 0.018 and 0.02U. At the water-air mass flow rate 
ratios of 0.036, the analytical and experimental results were within ± 10 
per cent of each other. 
In comparing the experimental and analytical results it was apparent 
that the water-air mass flow rate ratio was a very critical factor and had 
to be determined accurately. Since a uniform spray was never obtained, 
the average water mass flow rate was rather arbitrary. This could have 
been a reason the experimental and analytical results did not consistently 
agree. 
Closure 
The results obtained from this investigation provide additional 
data on the heat transfer from an isothermal cylinder exposed to two-
component (air-water) crossflow. The results seem to agree with the in-
vestigation of Smith (h), but seem to disagree to some extent with the 
investigation of Takahara (3). Considering the limited investigation in 
73 
this area and some conflict of data in these investigations, additional 
study is necessary to determine the important variables affecting the 




CONCLUSIONS AND RECOMMENDATIONS 
The results obtained from this investigation of the heat transfer 
characteristics of an isothermal cylinder exposed to two-component (air-
water) crossflow lead to the following conclusions: 
1. The addition of water droplets to the air stream greatly in-
creased the heat transfer from the cylinder. 
2. The local Nusselt numbers on the upstream side of the cylinder 
increased with an increase in water-air mass flow rate ratio for a given 
Reynolds number. 
3. The local Nusselt numbers on the downstream side of the cylin-
der remained fairly constant with an increase in water-air mass flow rate 
ratio for a given Reynolds number. 
k. The maximum local Nusselt numbers were obtained at the cylinder 
stagnation point. 
5. The overall Nusselt numbers for the cylinder increased with an 
increase in Reynolds number for a constant water-air mass flow rate ratio. 
6. The overall Nusselt numbers for the cylinder increased with an 
increase in water-air mass flow rate ratio for a given Reynolds number. 
7. A continuous liquid film covered the horizontally mounted test 
cylinder for all the tests. 
8. The Nusselt numbers obtained from the simplified analytical 
model presented in this study compared favorably with the experimental 
75 
results, especially at the Reynolds number of 30,000. 
The following items are recommended as a logical extension of 
this investigation: 
1. Additional data should be obtained for a wider range of air 
free stream Reynolds numbers. 
2. Tests at higher water-air mass flow rate ratios should be 
conducted to determine the upper limit of heat transfer from a cylinder 
exposed to two-component (air-water) crossflow. 
3. Additional studies should be undertaken to determine the 
effects of droplet size and velocity on the heat transfer. 
h. More studies should be conducted to develop nozzles which can 
deliver a uniform spray into the moving air stream. 
5. Studies are needed to determine a reliable and easy method to 
obtain the average spray droplet velocity in the two-component flow. 
6. Studies should be made to determine the heat transfer char-
acteristics from the cylinder when liquid film evaporation is a signifi-
cant factor. 
7. A more detailed analytical study of the heat transfer charac-
teristics of the liquid film on the upstream side of the cylinder is 
needed. 
APPEM)IX A 
DETERMINATION OF WATER-AIR MASS FLOW RATE RATIO 
To obtain the water-air mass flow rate ratio, it was necessary 
to first determine the water mass flow rate in the air stream and the 
air mass flow rate. 
The equation used to determine the water mass flow rate from 
first obtaining the average water droplet collection rate was 
3-53 x 10 -5 
where 
2 
m = water mass flow rate (lbm/ft -sec) 
w 
2 
—j-— = area of collection probe (ft ) 
o 
p = density of water (lbm/ft ) 
N = average water droplet collection rate (cc/sec) 
The air mass flow rate was computed by using the continuity equation, 
The equation used was 
m = 2.66 
p h 
man 
1 + cu 
7000 
1 + CD bar 13.0 
where 
m = air mass flow rate (lbm/ft -sec) 
o 
p = density of micromanometer fluid (lbm/ft ) 
man 
77 
h = micromanometer reading of velocity pressure ("Hp0) 
0) = absolute humidity of air (gr/lbmda) 
T = temperature of air ( R) 
00 
Pn = barometric pressure at 32 F ("Hg) bar v ' 
AP = static pressure at test section area("H„0) 
The procedure used for collecting the data needed for these two equations 
was described in detail in Chapter III. 
From these two equations, the water-air mass flow rate ratio was 
m 





TABULAR DATA FOR HEAT TRANSFER TESTS 
The heat transfer tests were made in two separate series of runs. 
In the first series, heater #3 was the stagnation point heater and only 
one SQ-10 nozzle was used to produce the water spray droplets. During 
these tests, the wattage output of heater #2 (30 degrees from the stag-
nation point) was equal to or greater than the wattage output of the 
stagnation point heater (heater #3). In the second series of runs, the 
cylinder was rotated 30 degrees so heater #k became the stagnation point 
heater. This rotation alleviated the problem of high wattage output ex-
perienced at 30 degrees from the stagnation point and resulted in fairly 
symmetric wattage loads. For higher water mass flow rates, a second 
SQ-10 nozzle was installed. 
The following tests were made in the first series of runs and are 













The following tests were made in the second series of runs and are listed 












The notation used to identify the test runs was as follows: 
A denoted air flow, 
AW denoted air-water flow, 
20, 50, and 80 denoted the air velocity (ft/sec), and 
1, 2, 3? etc. denoted the test number at certain flow conditions. 
The results of heat transfer from the cylinder exposed to one-
component (air) flow are presented in Tables 1 through h. The results of 
heat transfer in two-component (air-water) flow are presented in Tables 
1 and 5 through 22. The dependency of the temperature difference between 
the cylinder surface and the free stream reference temperature on the 
80 
heat transfer is presented in Table 23. 
The Nusselt numbers for the one-component (air) flow were based 
on the air thermal conductivity and the cylinder diameter. In Figures 
21, 22, 23, and 26, the overall Nusselt numbers for zero water-air mass 
flow rate ratio (air flow) were based on the water thermal conductivity. 
The Nusselt numbers for the two-component (air-water) flow were based on 
the water thermal conductivity and the cylinder diameter. 
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Table 1. Summary of Experimental Heat Transfer Data 
Water-Air Overall 
Reynolds Mass Flow Nusselt 
Test No. Number Rate Ratio Number 
A-20-1 30,000 0.000 1̂ 5 
AW-20-1 30,000 0.028 58 
AW-20-2 30,000 0.038 63 
AW-20-3 30,000 0.057 82 
AW-20-U 30,000 0.079 102 
AW-20-5 30,000 0.097 115 
AW-20-6 30,000 0.130 1̂ 5 
A-50-1 75,000 0.000 2^0 
AW-50-1 75,000 0.013 88 
AW-50-2 75,000 0.021 121 
AW-50-3 75,000 0.02U 127 
AW-50-U 75,000 0.031 156 
AW-50-5 75,000 0.0̂ 5 165 
AW-50-6 75,000 0.061 175 
A-80-1 118,000 0.000 391 
AW-80-1 118,000 0.012 12U 
AW-80-2 118,000 0.018 1̂ 7 
AW-80-3 118,000 0.02U 173 
AW-80-U 118,000 0.029 188 
AW-80-5 118,000 0.036 198 
AW-80-6 118,000 0.0UU 226 
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Table 2. Heat Transfe 
Test 
Reynolds Number: 30,000 
Air Dry Bulb Temperature (T ) : 
CO 
















• in One-Component (Air) Flow 
No. A-20-1 
71.0°F 
s ôo ^ - - - x ^ Local Nusse l t 
°F BTU/hr . f t . Number 
53.5 516 157 
53.3 352 108 
53.0 ^30 132 
53.^ 281 85 
53.^ 156 kl 
53.0 7̂ 2 228 
53.3 828 252 
53.2 735 22l+ 
53.^ 296 90 
53.3 195 59 
53.8 375 113 
52.7 600 185 
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Table 3. Heat Transfer in One-Component (Air) Flow 
Test No. A-50-1 
Reynolds Number: 75,000 















0 115.7 4l.4 655 256 
30 115.7 41.1+ 469 183 
60 115.3 4l.O 430 170 
90 115.9 Ui.6 469 183 
120 115.9 41.6 274 107 
150 115. 4 4l.i 968 382 
180 115.8 4i.5 1,015 396 
210 115.4 41.1 945 374 
240 115. 4 4i.i 382 151 
270 H5.5 4l.2 312 122 
300 116.0 4l.7 516 200 
330 114.8 4o.5 664 266 
8U 
Table h. Heat Transfer in One-Component (Air) Flow 
Test No. A-80-1 
Reynolds Number: 118,000 
Air Dry Bulb Temperature (T_): 76.9 F 
Relative Humidity: 
e T s T - T S co 
Heat F l u x 
B T U / h r . f t . 
N u D a [ 9 
L o c a l N u s s e l t 
degrees °F °F Number 
0 117.1 1+0.2 1 ,210 1+89 
30 116.9 1+0.0 7 3 ^ 297 
6o 117.1 1+0.2 7 3 ^ 296 
90 117.5 1+0.6 780 312 
120 117.3 1+0.1+ 718 289 
150 116.9 1+0.0 1 ,258 510 
180 117.3 1+0.1+ 1,367 5I+8 
210 116.7 3 9 . 8 1 ,220 ^97 
2^0 116.5 3 9 . 6 750 307 
270 116.5 3 9 . 6 61+8 263 
300 117.5 1+0.6 8oi+ 322 
330 115.3 3 8 . k 1 ,093 l+6l 
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Table 5. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-20-1 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.028 
Average Water Mass Flow Rate: 0.0395 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 2h°jo 
Approximate Median Water Droplet Diameter: 230 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 60 psig 
Spray Water Temperature (T ): 78.0 F 
Air Dry Bulb Temperature: 78.0°F 
Relative Humidity: 






degrees °F °F Number 
0 111.3 33.3 5,035 108 
30 110.8 32.8 k,kko 96 
330 111.3 33.3 5,8i4-0 121 
60 111.0 33.0 3,080 66 
300 111.7 33.7 2,970 61 
90 111.3 33.3 1,125 2k 
270 110.6 32.6 1,1^0 2h 
120 111.3 33-3 1,030 22 
2̂ 0 111.5 33.5 1,205 25 
150 111.0 33.0 2,050 hk 
210 111.5 33.5 1,920 Uo 
180 111.5 33.5 2,050 3̂ 
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Table 6. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-20-2 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.038 
2 
Average Water Mass Flow Rate: 0.0544 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 23^ 
Approximate Median Water Droplet Diameter: 175 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 100 psig 
Spray Water Temperature (T ): 79.2 F 
Air Dry Bulb Temperature: 79.0°F 
Relative Humidity: 99$> 
9 
degrees 



















































180 109.1 29.9 1,765 42 
T T - T Heat Flux 
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Table 7. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-20-3 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.057 
2 
Average Water Mass Flow Rate: 0.0805 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 12$ 
Approximate Median Water Droplet Diameter: 120 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 200 psig 
Spray Water Temperature (T ): 79.5 F 
00n Q 


































































180 110.6 31.1 1,890 ^3 
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Table 8. Heat Transfer i n Two-Component (Air-Water) Flow 
Test No. AW-20-4 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.079 
Average Water Mass Flow Rate: 0.112 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 28$> 
Approximate Median Water Droplet Diameter: 175 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 100 psig 
Spray Water Temperature (T m): 79.7 F 




































































180 110.4 30.7 2,185 51 
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Table 9» Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-20-5 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.097 
Average Water Mass Flow Rate: 0.136 Ibm/ft -sec 
Spray Droplet Distribution Variation: ± 33% 
Approximate Median Water Droplet Diameter: 185 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 90 psig 
Spray Water Temperature (T ): 8l.l F 
Air Dry Bulb Temperature: 0O.5 F 
Relative Humidity: 96% 




;rees °F °F Number 



















































180 113. h 32.3 1,970 3̂ 
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Table 10. Heat Transfer in Two-Component (Air-Water) Flow 
Test Wo. AW-20-6 
Reynolds Number: 30,000 
Water-Air Mass Flow Rate Ratio: 0.130 
Average Water Mass Flow Rate: 0.180 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 13$ 
Approximate Median Water Droplet Diameter: 145 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 140 psig 
Spray Water Temperature (T ): 79.5 F 
Air Dry Bulb Temperature: 79.0°F 
Relative Humidity: 
degrees 




























































180 109.8 30.3 1,590 37 
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Table 1 1 . Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-1 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.013 
2 
Average Water Mass Flow Rate: 0.045 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 23$ 
Approximate Median Water Droplet Diameter: 255 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 50 psig 
Spray Water Temperature (T ): 82.5 F 
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180 113 .1 30.6 2,685 63 
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Table 12. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-2 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.021 
Average Water Mass Flow Rate: 0.075 Ibm/ft -sec 
Spray Droplet Distribution Variation: ± 33% 
Approximate Median Water Droplet Diameter: 175 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 100 psig 
Spray Water Temperature (T ): 82.5 F 
Air Dry Bulb Temperature: oO.O F 
Relative Humidity: $6% 
degrees 



























































180 l l l . i 29.3 U,Ul0 107 
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Table 13 . Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-3 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.02i4-
2 
Average Water Mass Flow Rate: O.085 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 26^ 
Approximate Median Water Droplet Diameter: 335 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 30 psig 
Spray Water Temperature (T ): 82.5 F 
Air Dry Bulb Temperature: 80.O F 
Relative Humidity: 90f0 





degrees °F °F Number 
0 112.1 29.6 11,1+00 27^ 
30 111.8 29.3 7,720 187 
330 112.5 30.0 9,̂ 90 225 
60 111.7 29.2 6,590 160 
300 112.1 29.6 6,1+90 156 
90 112.5 30.0 2,380 56 
270 112.U 29.9 1,875 5̂ 
120 111.8 29.3 2,660 6k 
2^0 111.5 29.0 2,060 51 
150 112.3 29.8 2,970 70 
210 112.1 29.6 2,660 6U 
180 112.1 29.6 3,060 73 
9h 
Table Ik. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-U 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.031 
2 
Average Water Mass Flow Rate: 0.110 lbm/ft -sec 
Spray Droplet Distribution Variation: ± hQPJo 
Approximate Median Water Droplet Diameter: 255 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 50 psig 
Spray Water Temperature (T ): 82.0 F 
Air Dry Bulb Temperature: ol.2°F 
Relative Humidity: 
degrees 




























































180 112.1 30.1 3,530 83 
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Table 15. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-5 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.01+5 
2 
Average Water Mass Flow Rate: 0.158 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 1+5% 
Approximate Median Water Droplet Diameter: 210 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 70 psig 
Spray Water Temperature (T ): 8l.O F 
Air Dry Bulb Temperature: 80.5 F 
Relative Humidity: 
e T s T - T S 00 Heat F l u x / 2 
B T U / h r . f t . 
N u Dw|e 
L o c a l N u s s e l t 
degrees °F °F Number 
0 110.0 2 9 . 0 l i+,68o 360 
30 109.5 2 8 . 5 9 , 6 8 0 21+1 
330 109.5 2 8 . 5 11,1+00 281+ 
60 109.5 2 8 . 5 9 ,060 226 
300 110.0 2 9 . 0 8,1+1+0 206 
90 110.5 2 9 . 5 3 , 2 3 0 78 
270 110.5 2 9 . 5 2 , 1 1 0 51 
120 109.5 2 8 . 5 3 ,^00 85 
21+0 109.0 2 8 . 0 3 ,220 83 
150 110.0 2 9 . 0 3 , ^ 0 81+ 
210 110.5 2 9 . 5 3 , ^ 0 83 
180 110.0 29.0 3,590 
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Table l 6 . Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-50-6 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: 0.06l 
Average Water Mass Flow Rate: 0.213 lbm/ft -sec 
Spray Droplet Distribution Variation: ± k^io 
Approximate Median Water Droplet Diameter: 175 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 100 psig 
Spray Water Temperature (T ): 8l.2 F 


































































180 110.2 29.0 3,500 
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Table 17. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-80-1 
Reynolds Number: 118,000 
Water-Air Mass Flow Rate Ratio: 0.012 
2 
Average Water Mass Flow Rate: 0.070 lbm/ft -sec 
Spray Droplet Distribution Variation: ± h^io 
Approximate Median Water Droplet Diameter: 175 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 100 psig 
Spray Water Temperature (T^): 79-2 F 
Air Dry Bulb Temperature: 78.0 F 
Relative Humidity: 
degrees 



























































180 109. ̂  30. h U,o6o 95 
Table 18. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-80-2 
Reynolds Number: 118,000 
Water-Air Mass Flow Rate Ratio: 0.018 
Average Water Mass Flow Rate: 0.100 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 
Approximate Median Water Droplet Diameter: 14-0 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 150 psig 
Spray Water Temperature (T^): 77.5 F 
Air Dry Bulb Temperature: 76.8 F 









BTU/hr . f t . 
N l W|e 
Local Nusse l t 
Number 



















































180 107.6 30 .1 4,970 117 
Table 19. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-80-3 
Reynolds Number: 118,000 
Water-Air Mass Flow Rate Ratio: 0.024 
2 
Average Water Mass Flow Rate: 0.135 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 30$ 
Approximate Median Water Droplet Diameter: 115 microns 
Nozzle: 1 SQ-10 
Operating Pressure: 224 psig 
Spray Water Temperature (T ): 77.3 F 


































































180 107.3 30.0 5,590 132 
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Table 20. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-8O-I4 
Reynolds Number: 118,000 
Water-Air Mass Flow Rate Ratio: 0.029 
Average Water Mass Flow Rate: 0.162 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 25% 
Approximate Median Water Droplet Diameter: 210 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 70 psig 
Spray Water Temperature (T ): 80.8 F 
Air Dry Bulb Temperature: 80.5 F 
Relative Humidity: 
Nun Ifi 
a T T - T Heat Flux x ^ ,, 
9 s s 00 p Local Nusselt 
degrees F F BTU/hr.ft. Number 



















































180 110.8 30.0 k^ko 103 
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Table 2 1 . Heat Transfer i n Two-Component (Air-Water) Flow 
Test No. AW-80-5 
Reynolds Number: 118,000 
Water-Air Flow Rate Ratio: 0.036 
Average Water Mass Flow Rate: 0.206 lbm/ft -sec 
Spray Droplet Distribution Variation: ± 28$ 
Approximate Median Water Droplet Diameter: 160 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 120 psig 
Spray Water Temperature (T ): 79.1 F 








































































Table 22. Heat Transfer in Two-Component (Air-Water) Flow 
Test No. AW-80-6 
Reynolds Number: 118,000 
Water-Air Mass Flow Rate Ratio: 0.044 
Average Water Mass Flow Rate: 0.249 lbm/ft -sec 
Spray Droplet Distribution Variation: ± Y]°jo 
Approximate Median Water Droplet Diameter: 145 microns 
Nozzle: 2 SQ-10 
Operating Pressure: 140 psig 
Spray Water Temperature (T ): 79.7 F 
Air Dry Bulb Temperature: o0.3°F 
Relative Humidity: 90$ 





degrees °F °F Number 
0 108.8 29.1 22,800 557 
30 108.5 28.8 l4,980 370 
330 108.7 29.0 15,620 384 
60 108.4 28.7 12,520 310 
300 108.5 28.8 10,550 260 
90 108.7 29.0 2,500 61 
270 108.5 28.8 1,875 46 
120 108.7 29.0 4,090 100 
240 108.7 29.0 4,720 106 
150 109.1 29.4 3,650 88 
210 109.4 29.7 3,500 84 
180 109.1 29.4 4,220 102 
Table 23 . Heat Transfer i n Two-Component (Air-Water) Flow 
Test No. AW-50-7 
Reynolds Number: 75,000 
Water-Air Mass Flow Rate Ratio: O.O58 
Spray Water Temperature (T ):79»3 F,8( 
Air Dry Bulb Temperature: 0O.5 F 
Relative Humidity: 90</0 
Average Water Mass Flow Rate: 0.206 lbm/ft -sec 
Spray Droplet Distribution Variation: ± kl% 
.1 F,8l.O F Approximate Median Water Droplet Diameter:175 Microns 
Nozzle: 2 SQ-10 
Operating Pressure: 100 psig 
T - T 
s °° Heat F l u x 
Nu^ 
Dw e 
e °F B T U / h r . f t . L o c a l N u s s e l t Number 
d e g r e e s Runs Runs Runs 




2 0 . 8 
2 0 . 7 
2 1 . 5 
3 1 . 8 
3 2 . 0 





6 , 2 7 5 
8 , 0 7 0 
1^,250 
9 , ^ 7 0 
1 2 , 0 5 0 
2 0 , 3 0 0 
l i+,850 












2 0 . 8 
2 0 . 8 
32.1+ 

















2 1 . 1 
2 1 . 1 
3 2 . 9 
3 2 . 0 
^3 
^3 
1 ^ 3 5 
1,220 
2 , 1 6 0 
1,655 
2 , 8 3 0 










2 0 . 0 
3 2 . 0 




2 , 2 5 0 
3 , ^ 0 
l+,l+00 
^ , 3 7 5 









2 0 . 7 
2 0 . 7 
3 2 . 9 















180 2 0 . 9 3 1 . 6 ^3 1 ,910 3 ,750 7 , 8 1 0 65 85 129 
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